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a b s t r a c t
Advanced acceleration technologies are receiving considerable interest in order to miniaturize future particleaccelerators. One such technology is the dual-grating dielectric structures, which can support accelerating fieldsone to two orders of magnitude higher than the metal RF cavities in conventional accelerators. This opens up thepossibility of enabling high accelerating gradients of up to several GV/m. This paper investigates numerically aquartz dual-grating structure which is driven by THz pulses to accelerate electrons. Geometry optimizations arecarried out to achieve the trade-offs between accelerating gradient and vacuum channel gap. A realistic electronbunch available from the future Compact Linear Accelerator for Research and Applications (CLARA) is loadedinto an optimized 100-period dual-grating structure for a detailed wakefield study. A THz pulse is then employedto interact with this CLARA bunch in the optimized structure. The computed beam quality is analyzed in terms ofemittance, energy spread and loaded accelerating gradient. The simulations show that an accelerating gradientof 348 ± 12 MV/m with an emittance growth of 3.0% can be obtained.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Dielectric structures have been found to withstand electric fields oneto two orders of magnitude larger than metals at optical frequencies,thereby sustaining high accelerating gradients in the range of GV/m.These dielectric structures can be driven either by infrared optical orby THz pulses, enabling dielectric laser-driven accelerators (DLAs) anddielectric THz-driven accelerators (DTAs). Empirically, it is found thatthe RF-induced breakdown threshold 𝐸s scales with frequency as 𝑓 1∕2and pulse duration as 𝜏−1∕4, as described in 𝐸s ∝ 𝑓 1∕2𝜏−1∕4 [1,2]. Thisindicates that in principle, DLAs can generate accelerating gradientshigher than DTAs. DLAs have successfully demonstrated acceleratinggradients of 300 MV/m [3] and 690 MV/m [4] for relativistic electronacceleration, and gradients of 25 MV/m [5], 220 MV/m [6] and 370MV/m [7] for non-relativistic electron acceleration. However, DLAssuffer from low bunch charge and sub-femtosecond timing requirementsdue to the short wavelength of operation. In a DLA, a laser beam is usedto accelerate particles through a microscopic channel in an artfully-crafted glass chip. Such a channel gap can be no wider than several
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μm [3,4,8–12] in order to generate a high gradient of GV/m, whichlimits the transverse size and hence the bunch charge. Furthermore, fora laser wavelength of 2 μm, the particle bunch has to occupy only a smallfraction of the optical cycle in order to maintain good beam quality interms of emittance and energy spread. If 10 of optical cycle is used, thetotal bunch length is only 5.6 nm, which also limits the particle bunchcharge. In addition, the timing precision between the optical cycle andthe arrival of the particle bunch is a practical concern. Using a laserwavelength of 2 μm, a 10 phase jitter requires a timing jitter of < 20 asbetween the optical pulse and the particle bunch, which is challengingto maintain over long distances.THz frequencies provide wavelengths two orders of magnitudelonger than optical sources. In this situation, DTAs can be fabricatedwith conventional machining techniques due to the long wavelengthof operation. This accommodates particle bunches with larger sizesand charges, which is more beneficial for bending and focusing [13]compared to DLAs. DTAs also provide a more accurate timing jitter thanDLAs. For a THz wavelength of 600 μm, 10 of optical cycle corresponds
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Fig. 1. Schematic of a dual-grating structure illuminated by a THz pulse. 𝜆p, A, B, C,H, and 𝛥 represent grating period, pillar width, pillar trench, vacuum channel gap, pillarheight and longitudinal shift, respectively; 𝐴 + 𝐵 = 𝜆p is selected for all simulations.
to a 1.7 μm bunch length, while 10 of phase jitter requires a 5.6 fs timingjitter, which is readily achievable [14]. With recent advances in sourcesfor the generation of THz, mJ pulse energy and extremely high electricfields in the GV/m have been achieved [15–17], which can boost theaccelerating gradient up to GV/m for a DTA. Experiments have alreadydemonstrated the acceleration of electrons in THz-driven dielectricstructures [18–20]. Therefore, DTAs are holding great potential forreducing the size and cost of future particle accelerators.In this paper a quartz dual-grating structure is investigated foraccelerating electrons at THz frequencies. As shown schematically inFig. 1, a short, intense THz pulse is used to illuminate a dual-gratingstructure, creating standing-wave-like electric field in the structure’schannel gap where the electrons travel and are accelerated. In Section2, geometry optimizations are performed in order to find the optimumdual-grating structure for the acceleration of relativistic electrons. Itis then followed in Section 3 by a detailed wakefield study of anoptimized 100-period dual-grating structure. Simulations are performedusing the beam properties of the future Compact Linear Acceleratorfor Research and Applications (CLARA) [21] which is planned as anX-ray free electron laser (FEL) test facility located at the Daresburylaboratory in the UK. In Section 4, a linearly-polarized THz pulse isintroduced to interact with the CLARA bunch in the optimized structure.The achievable beam quality is analyzed in terms of emittance, energyspread and loaded accelerating gradient. Finally the current challengesand limitations are discussed.
2. Geometry optimization
The dual-grating structure is a modification from the original designby Plettner et al. [8]. When a linearly-polarized THz pulse travelsthrough the structure, the speed of the wave in vacuum is higher thanthat in the dielectric grating pillar. This produces the desired 𝜋 phasedifference in the vacuum channel for the wave front, resulting in peri-odic energy modulation for electrons traveling along the longitudinalz-axis.In order to optimize such a dual-grating structure, VSim [22], basedon a finite difference time domain (FDTD) method, is used to computethe electric and magnetic fields generated in the structure. The gratingsare modeled as a 2-dimensional (y–z plane) structure to simplify ourcomputations for the electric and magnetic fields. Periodic boundaryconditions are applied along the electron channel in the 𝑧 direction.Matched absorbing layers (MALs) are used along the laser propagationdirection (𝑦-axis) to absorb the transmitted wave. The mesh size is set to
𝜆p/80 so that the simulation results are converged to increase accuracy.
Fig. 2. Longitudinal electric field 𝐸z distribution in a single unit dual-grating structureilluminated by a uniform plane wave with a field 𝐸0 along y-axis.
A plane wave with a wavelength of 𝜆0 = 150 μm and a fieldamplitude 𝐸0 propagates in +y and illuminates a single unit dual-grating structure, as illustrated in Fig. 2. A grating period of 𝜆p = 150 μmis chosen so that the first spatial harmonic and relativistic electrons aresynchronized [23]. The desired 𝜋 phase difference for the wave front isachieved by setting pillar height 𝐻 = 𝜆02(n−1) = 0.50𝜆0, here quartz witha refractive index of 𝑛 = 2 (Ref. [24]) is chosen due to its high damagethreshold [18–20,25–27] and thermal conductivity.The accelerating gradient 𝐺0 is evaluated by 𝐸z[z (t), t] which is thelongitudinal electric field integral along the vacuum channel center asshown in Fig. 2:
𝐺0 =
1
𝜆p ∫
𝜆p
0
𝐸z [𝑧 (𝑡) , 𝑡] 𝑑𝑧, (1)
where 𝜆p is the grating period, z (t) is the position of the electrons in thevacuum channel at time t. To find the maximum accelerating gradient,we need to maximize the electric field distributed in the structure,which should not exceed the material damage field. So an acceleratingfactor [28] (AF = 𝐺0∕𝐸m) is defined by the ratio of the acceleratinggradient 𝐺0 to the maximum electric field 𝐸m in the structure.A detailed geometry optimization is carried out to maximize theaccelerating factor AF with the widest channel gap C. For an initialpillar height 𝐻 = 0.50𝜆0, a maximum accelerating factor 𝐴𝐹 = 0.18can be achieved when the vacuum channel gap 𝐶 = 0.20𝜆0 as seenin Fig. 3(a). When C increases from 0.20𝜆0, the accelerating factor AFgradually decreases, which can be seen in Fig. 3(a). This means that theachievable gradient gradually drops with C >0.2𝜆0, so a channel gapof 𝐶 = 0.50𝜆p is chosen as an acceptable parameter due to a trade-offbetween the accelerating gradient and available phase space in whichhigh accelerating gradient occurs. As shown in Fig. 3(b), a maximumaccelerating factor (𝐴𝐹 = 0.141) appears at a pillar height of 𝐻 = 0.80𝜆pfor the structure with an optimum channel gap, 𝐶 = 0.50𝜆p. Fixingthe grating structure, 𝐶 = 0.50𝜆p and 𝐻 = 0.80𝜆p, we then set outto find the optimal pillar width A. Fig. 3(c) shows 𝐴𝐹 = 0.141 canbe obtained for a pillar width 𝐴 = 0.50𝜆p. The longitudinal shift 𝛥between the gratings is also investigated. It can be seen from Fig. 3(d)that the maximum 𝐴𝐹 = 0.141 occurs when perfectly aligned (𝛥 =0 m). However, the worst shift can reduce the accelerating factor bya factor of 54% to 𝐴𝐹 = 0.065. The damage threshold for quartz atTHz frequencies is found experimentally to be ∼13.8 GV/m [25]. So amaximum accelerating factor of 𝐴𝐹 = 0.141 corresponds to a maximumachievable gradient of 0.141 × 13.8 = 1.95 GV/m for a quartz dual-grating structure.
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Fig. 3. FDTD optimization of accelerating factor AF as a function of (a) vacuum channel gap C with a fixed pillar height 𝐻 = 0.50𝜆p, (b) H with a fixed 𝐶 = 0.50𝜆p, (c) pillar width Awith a fixed 𝐶 = 0.50𝜆p and 𝐻 = 0.80𝜆p, and (d) longitudinal shift 𝛥 with a fixed 𝐶 = 0.50𝜆p, 𝐻 = 0.80𝜆p and 𝐴 = 0.50𝜆p.
Table 1CLARA bunch parameters used in the simulation.
Bunch parameters CLARA Simulation
Bunch energy [MeV] 50 50Bunch charge [pC] ≤250 0.3Bunch RMS length [μm] 9–300 90Bunch RMS radius [μm] 10–100 5Normalized emittance [mm mrad] ≤1 0.15Energy spread <0.1% 0.05%
3. Wakefield study for the optimized structure
After geometry optimization, a dual-grating structure with a channelgap of 𝐶 = 0.50𝜆p, pillar height of𝐻 = 0.80𝜆p, pillar width of𝐴 = 0.50𝜆p,longitudinal shift of 𝛥 = 0 m and grating period of 𝜆p = 150 μm isdesirable as an optimum choice for the following study. In this section,detailed wakefield study are carried out by loading an electron bunchfrom future CLARA into such an optimized 100-period dual-gratingstructure without THz illumination.The bunch parameters from future CLARA are listed in Table 1.When CLARA works at ultra-short pulse mode [21], a short electronbunch with a longitudinal RMS length of 90 μm can be generated.Assuming 10% of the initial charge of 3 pC is transmitted through theenergy collimators, so an electron bunch with a charge of 0.3 pC can beobtained. Then it can be focused by a permanent magnetic quadrupoleto give a transverse RMS radius of 5 μm, as shown in Table 1.When such an electron bunch with Gaussian profiles is injectedto travel along the channel center of the optimized structure withoutany offset in the y direction, it generates electromagnetic fields thatpropagate in the vacuum channel. The wakefields are reflected back bydielectric gratings and interact with the bunch itself, thus resulting inenergy loss or deflection for electrons in the bunch. Here, the WakefieldSolver of CST [29] is used to calculate the wakefield generated in theoptimized structure. It is then followed by a VSim Particle-In-Cell (PIC)simulation which is performed to analyze the effect of wakefield forthe bunch in terms of emittance and energy spread. The longitudinal
(z-component) and transverse (y-component) wakefield distribution onz-axis in the structure are illustrated in Fig. 4. Fig. 4(a) gives a maximumlongitudinal decelerating wakefield of 2.00 MV/m for the bunch. Itagrees well with the final bunch energy distribution as given in Fig. 5which gives an energy spread of 0.068% and average energy loss of 𝛥𝐸 =
30.0 ± 1.0 keV for the whole bunch, corresponding to a deceleratingfield of 2.00 ± 0.07 MV/m. In addition, the transverse wakefield, whichdeflects electrons, is negligible as given in Fig. 4(b) due to a smalltransverse size and symmetrical Gaussian profile in the y direction. Thisis in accordance with results from particle tracking simulations showingthat when the bunch travels out of the structure, the normalized RMSemittance is still 0.15 μm, remaining the same as that of initial time.
4. THz-bunch interaction in the optimized structure
In this section, a linearly polarized Gaussian THz pulse, as shownin Fig. 6, is launched to propagate along the y-axis in order to interactwith the CLARA bunch in the vacuum channel center of the optimizedstructure. All relevant parameters are described in Table 2. Here, thepeak field of THz pulse is set to 1.0 GV/m, which can be obtained froma multi-cycle THz pulse with mJ energy proposed by K. Ravi et al. [30].This field is still below the quartz damage threshold. In its co-movingframe, the bunch experiences the strongest field in the channel centerthrough precise timing calculation. Considering Gaussian temporal andspatial distributions, the electrons experience a temporal electric field
𝐸t = 𝐺p𝑒
−
(
𝑧
𝑤int
)2 (Ref. [31]) with a characteristic interaction length
𝑤int =
(
1
𝑤2z
+ 2 ln 2(
𝛽𝑐𝜏p
)2
)−0.5
= 454 μm. When a peak accelerating gradientof 𝐺p = 1.0 GV/m is assumed for integration of this field 𝐸t , a maximumenergy gain of 𝛥𝐸m ≈ 805 keV is generated, which can be used tocalculate the accelerating gradient for the following simulations.A PIC simulation is then carried out using the same bunch parametersfrom future CLARA, so the electrons will experience a field superpositionof the particle’s wakefields and the driving field produced from the THzpulse. From particle tracking results, it is found that the transverse RMS
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Fig. 4. Simulated longitudinal (a) and transverse (b) wakefield distribution on z-axis. Theelectron bunch travels along the z-axis.
Fig. 5. The bunch energy distribution without structure (red line) shows an energy spread
∼25 keV (0.05%) whereas the bunch going through the structure (blue line) shows anenergy spread ∼34 keV (0.068%). (For interpretation of the references to colour in thisfigure legend, the reader is referred to the web version of this article.)
emittance is 0.155 μm when the bunch travels out of the structure,corresponding to an increase of 3.0% compared to that of the THz-offcase. This minor increment can be explained by a weak deflecting forceexcited by the THz pulse. However, this deflecting force does not changethe bunch transverse emittance significantly at such short interactiondistance. In addition, it can be compensated by a symmetric illuminationusing two THz pulses from opposite sides.The electron bunch has an RMS length of 𝜎z = 90 μm, so mostelectrons in the range of ± 𝜎z are able to sample all phases of the THzfield. Each slice of electrons (𝛥t ≪ 𝜆0/c) samples a different phase of
Fig. 6. The electric field envelope of the THz pulse.
Table 2Parameters of the THz pulse used in the simulation.
THz pulse characteristics
Propagation direction +𝑦Wavelength 𝜆 150 μmFrequency f 2.0 THzPeak field 1.0 GV/mFWHM duration 𝜏 2 psWaist radius 𝑤z 1.0 mm
sinusoidal electric field in the vacuum channel and thereby experiencea corresponding net energy shift 𝑔 (𝛥𝑡, 𝛥𝐸𝑚) = 𝛥𝐸𝑚 cos( 2𝜋𝑐𝜆0 𝛥𝑡), where
𝛥𝐸m is the maximum energy gain for the electrons. This will causesome electrons to gain energy from acceleration while others aredecelerated, which generates a double-peaked profile for final bunchenergy distribution, as shown in Fig. 7. The final bunch has an energyspread of 0.42% when calculated with particle tracking simulations. Itis also found that the maximum energy gain is 𝛥𝐸m = 280 ± 10 keV,corresponding to a maximum accelerating gradient of 𝐺m = 348 ± 12MV/m. Here when the peak field of a THz pulse is increased to 𝐸p = 3.0GV/m, an accelerating gradient greater than 1.0 GV/m can be expectedfor such a structure. It can be seen from the simulation that such a THzfield of 3.0 GV/m leads to a maximum field of 9.37 GV/m, which is stillbelow the damage threshold for quartz structures.
5. Summary and outlook
This paper presents numerical simulations for a THz-driven dual-grating structure to accelerate electrons including geometry optimiza-tions, wakefield and THz-bunch interaction study in detail. Geometrystudies have been carried out to maximize the accelerating factor withthe widest channel gap C. For an optimized structure with a channel gapof 𝐶 = 0.50𝜆p, pillar height of 𝐻 = 0.80𝜆p, pillar width of 𝐴 = 0.50𝜆p andlongitudinal shift of 𝛥 = 0 m, a maximum accelerating factor 𝐴𝐹 = 0.141can be obtained, corresponding to a maximum unloaded gradient of 𝐺 =
1.95 GV/m. Using CST and VSim, a Gaussian electron bunch from futureCLARA is loaded into an optimized 100-period structure for detailedwakefield study. When the bunch travels out of the optimized structure,the average energy is reduced by 30.0 ± 1.0 keV due to its interactionwith longitudinal decelerating wakefield. The transverse wakefield canbe negligible so that it does not have any effect on the bunch emittance.Then an intense THz pulse is added into simulation to interact with theCLARA bunch in the optimized structure. When the bunch propagatesout of the structure, the transverse RMS emittance increases by 3.0%compared to that of THz-off case, the energy spread changes from 0.05%to 0.42%, and an accelerating gradient of 348 ± 12 MV/m could beexpected from the particle tracking simulations.
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Fig. 7. The energy distribution for the initial bunch (red line), and the bunch exiting of theoptimized structure when THz is off (blue line) and on (yellow line). (For interpretationof the references to colour in this figure legend, the reader is referred to the web versionof this article.)
These simulations have demonstrated numerically the high gradientacceleration of electrons in a dual-grating structure driven by THzpulses, with a small emittance increase. However, there are still sometechnical challenges to implementing it in reality. Firstly, despite someexperiments which have generated multi-cycle THz pulses with nJ [32]and μJ energies [33], further development is needed to obtain THzpulses with mJ energies, to generate the peak field of 1 GV/m whichis assumed for our simulations. The second challenge is to improvethe electrons’ energy gain, which is limited by the short THz-bunchinteraction length caused by the wide band-widths of excitation andstructures. A principal option for DLAs would be to tilt the front ofthe laser pulses by diffraction gratings to extend the interaction length,thereby increasing the electrons’ energy gain. However, THz pulsescannot be operated in a similar way due to their wide bandwidth [34].Instead, for DTAs a multilayer dielectric Bragg reflector [12] could beincorporated into the structure to boost the accelerating field in thechannel, which has the potential to increase the energy gain. Furtherresearch efforts on fabrication and experiments are still required to pavethe way for a realistic high-energy DTA concept.
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